The origin of active predation in vertebrates is associated with the rise of three major, uniquely derived developmental characteristics of the head: (i) migratory cranial neural crest cells (CNCCs) giving rise to most skeletal skull elements; (ii) expression of Dlx genes by CNCCs in the Hox-free first pharyngeal arch (PA1); and (iii) muscularization of PA1 derivatives. Here we show that these three innovations are tightly linked. Expression of Dlx genes by CNCCs is not only necessary for head skeletogenesis, but also for the determination, differentiation, and patterning of cephalic myogenic mesoderm leading to masticatory muscle formation. In particular, inactivation of Dlx5 and Dlx6 in the mouse results in loss of jaw muscles. As Dlx5/6 are not expressed by the myogenic mesoderm, our findings imply an instructive role for Dlx5/6-positive CNCCs in muscle formation. The defect in muscularization does not result from the loss of mandibular identity observed in Dlx5/6 −/− mice because masticatory muscles are still present in EdnRA −/− mutants, which display a similar jaw transformation. The genesis of jaws and their muscularization should therefore be seen as an integrated Dlx-dependent developmental process at the origin of the vertebrate head. The role of Dlx genes in defining gnathostome jaw identity could, therefore, be secondary to a more primitive function in the genesis of the oral skeletomuscular system.
D
uring chordate evolution, innovations specific to vertebrates permit the apparition of the "new head" (1), a neomorphic unit endowed with a muscularized oral structure that allows the transition from filter feeding to active predation. The considerable selective advantage of predatory capacity in vertebrates goes together with the presence of Hox-negative skeletogenic cranial neural crest cells (CNCCs) migrating in the cephalic region (2, 3) . The CNCC-derived cephalic skeletal elements need to associate with contractile muscles to give rise to a functional mouth. The question of how oral skeletal and muscular morphogenesis is coordinated is, therefore, central for understanding the origin of active predation during vertebrate evolution.
Craniofacial shapes are amazingly diverse among different vertebrate groups and also within individual species (4, 5) . In all cases, however, vertebrates are characterized by a muscularized functional mouth, suggesting a tight link between skeletal elements derived from the CNCCs and craniofacial muscles of mesodermal origin. The possible interaction between CNCCs and the mesoderm in orchestrating craniofacial myogenesis was suggested several years ago (6) . Only recently, however, has it been demonstrated that CCNCs can regulate muscle progenitors in the head and participate in shaping the cranial musculoskeletal architecture in vertebrate embryos (7) (8) (9) .
Head muscles have various embryonic origins: in tetrapods, the tongue derives from the rostral migration of anterior somitic mesoderm; other skeletal muscles derive from cranial paraxial mesoderm (CPM) (10, 11) and from lateral splanchnic mesoderm (SpM) (12) . Remarkably, the development of cephalic and trunk muscles depends on different regulatory pathways (13) (14) (15) (16) . In the head, bone morphogenetic proteins (BMPs) and canonical Wnt signaling molecules act to repress skeletal muscle differentiation. By contrast, the same BMP and Wnt ligands are required to stimulate myogenesis in the trunk. Myogenic differentiation of the CPM in vitro is permitted, therefore, by CNCC production of BMP and Wnt inhibitors (Noggin, Gremlin, Frzb) (17) . Both the head skeleton and the head musculature are therefore different from their truncal counterpart, reinforcing the notion that the "new head" has been a recent addition to a primitive body plan (1) .
CNCCs and mesodermal cells colonizing the first pharyngeal arch (PA1) and more anterior structures do not express Hox genes (18) ; their patterning depends on the expression of nonHox homeobox genes including Distal-less (Dlx) transcription factors (19) . In particular, Dlx5 and Dlx6 are necessary and sufficient to specify PA1 skeletal maxillo-mandibular identity in gnathostomes: in their absence mandibular skeletal structures are transformed into maxillary elements (20, 21) , and their activation in the maxillary arch leads to embryos with four opposing mandibles (22) . Dlx5/6 expression is restricted to CNCCs (23) and is not observed in the myogenic mesoderm (Fig. S1) . Early Dlx5/6 activation in PA1 depends on endothelin 1 (Edn1) signaling from the endoderm: mice lacking Edn1 or its receptor A (EdnRA) present a skeletal transformation reminiscent of that observed in Dlx5/6 double mutants (24, 25) .
Given the key role of Dlx5 and Dlx6 in determining PA1 identity, we used Dlx5/6 and EdnRA mutant mice to analyze how CNCCs control head muscle morphogenesis. We show that craniofacial myogenesis depends on Dlx5/6 expression by CNCCs, but is not directly related to the PA1 maxillo-mandibular identity. The results suggest that Dlx genes might have had a central role in coordinating the development of the oral skeleto-muscular apparatus at the origin of active predation in vertebrates.
Results
Inactivation of Either Dlx5/6 or EdnRA in the Mouse Results in Head Muscle Malformations. Histo-anatomical analysis of embryonic day 18.5 (E18.5) EdnRA −/− and Dlx5/6 −/− mutant heads shows that the skeletal malformations are associated with severe muscle defects (Fig. 1, Fig S2, and Table S1 ). In Dlx5/6 −/− doublemutant mice, all PA1-derived masticatory muscles and PA2-derived muscles are absent and replaced by undifferentiated reticular connective tissue ( Fig. 1 C and C′ and Fig. S2G ). This Author contributions: É.H., G.C., and G.L. designed research; É.H. and K.B. performed research; H.K. and Y.K. contributed new reagents/analytic tools; É.H., K.B., H.K., Y.K., G.C., P.J., and G.L. analyzed data; and É.H., P.J., and G.L. wrote the paper.
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1001582107/-/DCSupplemental. observation contrasts sharply with the persistence of transformed jaw skeletal elements that are therefore devoid of any muscular connection. Oculo-motor muscles are present, but their morphology is altered in parallel with eye malformations (Fig. 1C) . More posterior muscles are also present, but their morphology is altered and individual muscle masses are not identifiable ( Fig. 1  D and F) .
In EdnRA −/− mutants, masticatory muscles are present, but their morphology is perturbed ( Fig. 1 B, B′ , and E; Fig. S2D ). However, they can often be unequivocally identified through their attachment to specific skeletal elements. In wild-type fetuses, the superficial and lateral masseter is inserted in the lateral aspect of the mandible (Fig. 1D) , whereas the deep masseter passes through the infraorbital foramen to insert into the medial aspect of the mandible. In EdnRA −/− , the situation is different; all components of the masseter pass through the infraorbital foramen of the transformed lower jaw (see black arrowhead Fig. 1B) and have a large insertion in the medial aspect of this bone. In EdnRA −/− , the pterygoid and temporal muscles are indistinguishable and form a single muscular mass (Fig. 1E ). PA2-derived muscles are reduced whereas oculo-motor muscles are normal.
In both EdnRA −/− and Dlx5/6 −/− mice, intrinsic muscles of the tongue and sublingual muscles are severely affected: the genioglossus and the geniohyoid are absent, and other intrinsic muscles of the tongue are reduced and disorganized, thus making the tongue a vestigial medially located structure ( Fig. 1 B , B′′, C, C′′, E′, and F′ and Fig. S2 B, E, and H) . The mylohyoid and digastric muscles are absent and are replaced by reticular connective tissue with only a few identifiable muscles fibers ( Fig. 1 B′′′ and C′′′ and Fig. S2 C, F, and I) . To understand the ontogeny of these muscular defects, we then analyzed the myogenic developmental process in EdnRA −/− and Dlx5/6 −/− mutant embryos.
Craniofacial Myogenesis Is Initiated in the Absence of Dlx5 and Dlx6
During Early Development. Craniofacial muscle formation initiates with the comigration of CNCCs and the myogenic mesoderm toward PA1 and PA2 (26) . The initial stage of specification is characterized by the activation of Tbx1 and Capsulin specifically in head myogenic lineages (15, 27) . In contrast, tongue muscles are generated from the rostral migration of myoblasts deriving from the first five somites. The first stages of craniofacial myogenesis are not affected in Dlx5/6 −/− embryos. Although the shape of Dlx5/6 −/− PA1 is already slightly altered at E9.5, the migration and initial specification of head myogenic mesoderm is taking place, as shown by the mesodermal activation of Tbx1 and Capsulin at E9.5 in PA1 and PA2 ( Fig. 2 A-D) . Furthermore, migration of somitic tongue muscle precursors along the hypoglossal cord is not altered, as shown by the expression pattern of Pax3 at E10.5 ( (28). To follow the onset of myogenic determination, we used Myf5 nLacZ/+ reporter embryos (29) . At E10.5, Myf5-LacZ is expressed in the extraocular premuscle mass (peom) and in the mandibular arch myoblasts, which later develop into masticatory premuscle masses (pmm) at E11.5-E12.5 ( Fig. 3 A, C , and E). In E10.5-E11.5 Dlx5/6 −/− ;Myf5 nLacZ/+ embryos, Myf5-LacZ expression is strongly reduced in the ocular and masticatory region ( Fig. 3 B and D) and is barely detectable at E12.5 ( Fig. 3F) , indicating a defect in myogenic determination.
The myogenic determination factor MyoD is under the control of both the Myf5 and Tbx1 (28) . In E11.5 wild-type embryos, MyoD is expressed in the extraocular and masticatory premuscle masses; this territory of MyoD expression is preserved, but reduced in both EdnRA −/− and Dlx5/6 −/− embryos ( Fig. 4 A-C). At later stages, in wild-type fetuses, the masticatory premuscle mass at E12.5 and the masseter muscle at E14.5 and E18.5 are MyoD (Fig. 4 D and G), Desmin (Figs. S3 A and D and S4A), and fast myosin heavy chain (fMHC) (Fig. S4A′ ) positive, indicating that myogenic differentiation is taking place. In EdnRA −/− mutants, the presumptive masseter is present and positive for the above-mentioned myogenic markers, but is clearly reduced at E12.5 and E14.5 ( Fig. 4 E and H and Fig. S3 B and E) and shows a different morphology and orientation at E18.5 ( Fig. S4 B and B′). In the masseter region of Dlx5/6 −/− mutants, only a few cells express MyoD, Desmin, and fMHC; the few positive myo- sections of E18.5 wild-type, EdnRA −/− , and Dlx5/6 −/− mice. The EdnRA −/− and Dlx5/6 −/− mutants show a duplicated maxillary bone (mx*) associated with head muscle defects. In the EdnRA −/− mutant, the masseter muscle (mm) is present but has an abnormal morphology and orientation (B-B′ and E); all masseter components pass through the infraorbital foramen of the transformed lower jaw (black arrowhead in B). The pterygoid and temporal muscles are indistinguishable and form a single muscular mass (E). In the Dlx5/6 −/− mutant, the masseter muscle is replaced by connective tissue [see the masseter region (mr) in C and C′]. In the two mutants, the tongue is considerably reduced, the muscles fibers are totally disorganized (B, B′′, C, C′′, E′, and F′), and sublingual muscles are either absent or replaced by a few muscle fibers (B′′′ and C′′′). dg, digastric muscle; dnt, dentary bone; e, eye; jg, jugal bone; lpt, lateral pterygoid muscle; mh, mylohoid muscle; mm, masseter muscle; mr, masseter region; mx, maxillary bone; mx*, duplicated maxillary bone; pt, pterygoid muscle; sbr, sublingual region; tg, tongue; tp, temporal muscle; um, upper molar. (Scale bar: 500 μm in A-C; 700 μm in D-F and D′-F′; 100 μm for other panels.)
blasts do not fuse into myotubes, resulting in the absence of masticatory muscle masses ( G-L and S4 D-F and D′-F′), the genioglossus muscle is never present, and sublingual muscles are barely differentiated (Fig. 4 K, L, N, and O and Fig. S3 H, I , K, and L).
The presence of masticatory muscles in EdnRA −/− demonstrates that they can form even in the presence of the lower-toupper jaw transformation that occurs in both EdnRA −/− and Dlx5/6 −/− mutants. An explanation for the muscle development in EdnRA −/− embryos can be found by analyzing the Edn1-independent expression of Dlx5/6. Inactivation of EdnRA completely prevents the activation of Dlx5 and Dlx6 in E9.5 PA1 during CNCC specification. However, in the same mutant at E10.5, Dlx5/6 are expressed in an Edn1-independent territory in the proximal part of PA1 (25) . Similarly, in E11.5 EdnRA −/− mutants, distal expression of Dlx5 and Dlx6 is lost in the arches, but is maintained in the proximal part of the mandibular and . dg, digastric muscle; e, eye; gg, genioglossus; gh, geniohyoid; md, mandibular bud; mh, mylohyoid; mm, masseter muscle; mr, masseter region; mx, maxillary bud; mx*, duplicated maxillary bud; oc, otic capsule; peom, extraocular premuscle mass; pmm, masticatory premuscle mass; pmr, masticatory premuscle region; psbl, sublingual premuscle mass; ptg, tongue premuscle mass; sbl, sublingual muscle; tg, tongue. hyoid arches and in the maxillary bud (Fig. 5) . Reflecting the mirror transformation of the lower into an upper jaw, at E11.5 the expression of Dlx5 and Dlx6 also displays mirror-like symmetry ( Fig. 5 B and D) . Remarkably, in EdnRA −/− mutants, the myogenic territory at the origin of masticatory muscles [defined by the expression of Myf5 (Fig. 3C) and MyoD (Fig. 4A) ] is included within the Edn1-independent Dlx5/6-positive region, suggesting that the presence of Dlx5 and Dlx6 is at the origin of the myogenic differentiation observed in these mutants. Similarly, PA2-derived muscles present milder defects in EdnRA −/− than in Dlx5/6 −/− mutants (Table S1 ). This might reflect the presence of an Edn1-independent Dlx5/6-positive region also within PA2 (Fig. 5) . The masticatory muscular defects observed in EdnRA −/− and in Dlx5/6 −/− mutants are summarized in Fig. 6 . In summary, our data show that Dlx5 and Dlx6 expression by CNCCs is necessary to maintain the myogenic program in the craniofacial mesoderm. In the absence of Dlx5/6, the myoblasts cannot initiate their differentiation. We reasoned that a possible mechanism could involve the derepression of BMP and Wnt signaling, which are known to prevent craniofacial myogenesis (17) . Indeed, in a systematic quantitative PCR comparative analysis of microdissected E10.5 wild type and Dlx5/6 −/− PA1s, we have shown that BMP7 and Wnt5a expression is increased two-and threefold, respectively, in the double-mutant mouse (30) .
Discussion
In this study, we have shown that Dlx5/6 expression by CNCCs is necessary for CNCC-mesoderm interactions resulting in myogenic determination, differentiation, and patterning, but is not required for the early migration and specification of skeletal muscle progenitors. Our findings provide insight on the evolution of the "new head" (1), shedding light on the mechanism at the origin of the muscularized oral apparatus in vertebrates (Fig. 7) .
Vertebrate heads share several similar morphological features: multiple brain divisions, pharyngeal arches, migrating CNCCs, sensory placodes, head muscles deriving from unsegmented cephalic medoderm (31) , and a cartilaginous endoskeleton deriving from pharyngeal CNCCs (32) .
Although the primordial role of Dlx genes in chordates has been the control of appendage development (33) , in vertebrates, including gnatostomes and agnathans, these genes are also expressed in the PAs. Particularly, the expression of Dlx genes in the PA1 by Hox-negative CNCCs (2) is central for the development of oral cartilages (19, 34) . Gnathostomes and agnathans differ, however, in the number and pattern of expression of Dlx genes in the head. In lampreys, the four Dlx genes are uni- In wild-type embryos (A and C), Dlx5 and Dlx6 are expressed in the mandibular and the hyoid arches and in the proximal part of the maxillary bud.
In EdnRA −/− mutants, expression of Dlx5 and Dlx6 is lost in distal but not in proximal pharyngeal arches, including the duplicated maxillary bud (mx*), the hyoid arch (hy), and the maxillary bud (mx) (B and D). In these mutants, the pattern of Dlx5 and Dlx6 expression in the maxillary bud is a mirror image of that found in the duplicated maxillary bud. e, eye; hy, hyoid arch; md, mandibular arch, mx, maxillary bud; mx*, duplicated maxillary bud; oc, otic capsule. (Scale bar: 650 μm.) persists, no PA1-derived muscles are differentiated in Dlx5/6 −/− mutants. dnt, dentary bone; md, mandibular bud; mm, masseter muscle; mx, maxillary bone or maxillary bud; mx*, duplicated maxillary bone or duplicated maxillary bud; pmx, premaxillary bone; sbl, sublingual muscles; tg, tongue. Fig. 7 . Roles of Dlx genes during chordate evolution. The "new head" characterized by the simultaneous appearance of migratory skeletogenic CNCCs, Hox-negative Dlx-positive PA1 and PA1 muscularization may or may not include Myxynoidea (39) . In this study, we show that CNCC expression of Dlx genes not only determines jaw identity in Gnathostomata, but also plays a role in organizing mouth muscularization in vertebrates. The expression of Dlx genes in PA1 CNCCs might have had a determining role in the transition between filter feeding and active predation. CNCCs, cranial neural crest cells; PA1, first pharyngeal arch.
formly expressed by PA1 CNCCs. In gnathostomes, the increased number of PA1 Dlx genes goes hand-in-hand with the appearance of a dorso-ventral patterning of the branchiomeres at the origin of jaws (20, 32, 34, 35) .
Here we show that Dlx expression endowed migratory CNCCs with the new function of coordinating cranial skeletogenesis and myogenesis (Fig. 7) . It may be wondered whether the role of Dlx genes as organizers of a muscularized mouth in vertebrates is distinct from their function in maxillo-mandibular jaw specification in gnathostomes. Although in Dlx5/6
−/− mice all masticatory muscles are lost, they are still present in EdnRA −/− mutants. Because these two mutants present a similar lower jaw transformation, we deduce that the capacity of Dlx genes to specify jaw identity is distinct from their role in coordinating oral muscularization. Remarkably, in EdnRA mutant mice, the masticatory muscles are adapted to the new skeletal morphology reflecting the mirror transformation of the jaws. Dlx genes might have had a central role in the harmonious coordination of the oral skeletal and muscular morphogenesis necessary to support the rich craniofacial shape diversity noted in vertebrates. Moreover, it appears that head mesodermal development in lampreys might correspond to the ancestral state of the gene regulatory mechanism at the origin of the vertebrate head (31) .
We conclude that the role of Dlx genes in defining gnathostome jaw identity might be secondary to a more primitive function in the genesis of the oral skeletomuscular system in vertebrates. Expression of Dlx genes in the cephalic region therefore might have had a determining role in the transition between filter feeding and active predation.
Materials and Methods
Mice. EdnRA and Dlx5;Dlx6 mutant mice were genotyped by PCR using allelespecific primers as reported (20, 36) . Embryos were fixed in PBS (Sigma) 4% paraformaldehyde (E9.5-E12.5) for 1 d or in Bouin's fixative solution (75% saturated picric acid, 20% formol 40%, 5% acetic acid) for 5 d (E14.5 and E18.5). E18.5 fetuses were decalcified for 2 d with Jenkin's solution (50 mL, 2 d, three changes, 4% hydrochloric acid 37%, 3% acetic acid, 10% chloroform, 10% dH2O, 73% absolute ethanol). Fixed embryos and fetuses were embedded in paraffin and sectioned at 8-12 μm. Serial sections of E18.5 fetuses were subjected to Mallory trichromic staining (22) , and Dlx5/6 −/− (C, C′, F, and F′) mutant mice. In E18.5 wild-type fetuses, the masseter muscle (A and A′) is Desmin and fMHC-positive. In EdnRA −/− mutants, the masseter muscle is present and positive for the myogenic markers Desmin and fMHC, but shows a difference of morphology and fiber orientation (B and B′). In the Dlx5/6 −/− mutant, only a few cells express Desmin and fMHC in the masseter region (C and C′), and the myoblasts do not fuse into myofibers, resulting in the absence of masticatory muscle. In wild-type embryos, the tongue is positive for the differentiation markers Desmin and fMHC (D and D′). In EdnRA −/− and Dlx5/6 −/− mutants, the myogenic markers are expressed in the vestigial tongue of the two mutants (E, E′, F, and F′) but intrinsic fibers are dramatically disorganized. (Scale bar: 150 μm.) Table S1 . Head muscle defects in E18. PA1 and PA2, pharyngeal arches 1 and 2; −, absent or few myofibers in the region of the muscle; ±, reduced; +, present but different points of fixation and morphology; +++, normal.
